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ABSTRACT 
A quasi-inertial reference  frame is defined based on the radio positions of 212 extragalactic sources 

distributed over the  entire  sky.  The positional accuracy of these sources is bettcr  than  about 1 mas in 
both coordinates. The radio positions arc based upon a general soIution for all applicable dual-frequency 
2 3  and 8.4 GHz Mark III very long baseline interferometry data  available  through  the middle of 1995, 
consisting of 1.6 million pairs of group delay  and  phase  delay  rate  observations. Positions and details are 
also given for an additional 396 objects  that  either  need  further  observation or are  currently unsuitable 
for the definition of a high-accuracy  reference  frame. The final orientation of the frame axes has been 
obtained by a rotation of the positions into the  system of the htcmational Celestial Reference System 
and is consistent with the FK5 52000.0 optical  system,  within the limits of the link accuracy. 
The  resulridg International  Celestial Reference  Frame has been adopted by  the  International Astro- 
nomical Union as the fwdamental celestid reference frame, replacing  the FKS optical frame as of 1998 
J a n u a r y  1. 
Key words: astrometry - catalogs - quasars:  general - radio  continuum - reference  systems - 

techniques: interfetoiictric 

1. INTRODUCTION 
Celestial  reference frames have been used  for  millennia 

for  purposes of measuring  the passage of time, for aaviga- 
tion, and  for studying the  dynamics of the solar system. h 
the last century,  these  frames have become more  important 
to both the study of the  dynamics of more  distant objects 
and  the  study of geophy$cal phenomena OR Earth. Using 
optical  telescopes, reference frames with  roughly Or1 accu- 
racy were produced. With the sdvcnt of the  technique of 
very long  baseline  interferometry (VLBI), rapid improve- 
ments in positional accuracy  became  possibIe,  reaching  the 
milliarcsecond  leveI in the late 1980s. By the mid-l990s, the 
VLBI technique  had  improved to such a  level  that  sub- 
milliarcsecond positional m a c y  became possible.  The 
consequent  increase in the  level of accuracy of celestial ref- 
erence  frames bas permittcd  unprecedented  studies  of  celes- 
tial dynamics  and  geophysical phenomena. 

A stellar rr;ferance frame is time  dependent  because  stars 
exhibit  detectable motions. For precise  astromctric  applica- 
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tions, a stelIar  frame  must  specify, in addition to positions, 
an epoch  and  predicted  stellar motions. Imprecise know- 
ledge of proper motion and/or panUax limits the precision 
of stellar  frames at epochs other than the mean epoch of the 
catalogs. Extragalactic radio sources, on the  other  hand,  are 
assumed to be  very distant  (typical  redshifts of about 1.0) 
and  thus should exhibit  little or no detectable motion. A 
reference  frame defined by the positions of extragalactic 
radio sources  may be said to be a quasi-inertial frame ( i s . ,  a 
frame nonrotating with respect to an  inertial  frame) wirh 
little or no time dependency. 

There exists a large resource of high-accuracy,  dual- 
frequency  bandwidth  synthesis VLBI data that were 
acquircd from various  networks for geodetic and  astrom- 
etric purposes over a  span of more  than 15 years and lrom 
which  various  radio  source catalogs have been constructed. 
The goal of the work described here was to create the dcfini- 
tive catalog of extragalactic radio source positions for the 
International  Celestial  Reference  Frame (ICRF), uing thc 
best data and methods available  at  the  time  the  work was 
done. This work was  the joint cooperative  effort of a sub- 
group of the  International Asrronomicd Union (IAU) 
Working Group on Reference  Frames (WGRF), which was 
formed  expressly  for this purpose. Background  material on 

970504-1 



I ' 2  

I D . 2 0 2 7 6 2 1 5 6 3  

MA ET AL. 

P A G E  3 / 3  

Vol. 1 

I 

the contribution of  VLBI to astrometry and geodesy, a bib- 
liography of prcvious  work, and ancillary  information on 
ICRF sourccs can  be  found  in Ma & Feissel(l997). 

Having  gained  experience horn past efforts, the subgroup 
has taken an empirical approach in the  selection of data, 
analysis,  estimation of errors, and categorization ofthe final 
results. The characterization of a radio  source, i.e., its posi- 
tion,  how  it was treated  in the analysis, and whether it was 
suitable for use as a defining objact, was  derived  entirely 
from the VLBI data and analysis, and sot from any other 
information.  This approach leads to a rigorous selection of 
defining objects and a reliable resllization of the ICRF as a 
set of relative positions oriented to the axes of the lnterna- 
rional  Celestial  Reference  System  (ICRS; Arias et  al.  1995). 
In the Context  used  here, dsfining refers to those sources 
with  accurate, reliable positions that could be used to orient 
the ICRF axes. 

Several points should be noted at the outset This realiza- 
tion of the ICRF was considered only  one of many, both 
actual and potential,  better than preceding ones, but by no 
means attaining perfection. The source positions and their 
charactetistics are derived from a particular, although com- 
prehensive,  set of data using specific  frequencies and net- 
works of stations and covering a certain  interval of time. 
The undcrlying physics of the target extragalactic radio 
sources (Marscher 1987) is not as well understood as that of 
stars, and we can only  describe with certainty  what  the 
radio sources did during the panicular interval of time 
covered  by the Observations. It is. clear tbat many  extra- 
galactic  objects undergo changes in intrinsic structure that 
can affect their realized posit io~~ at levels greater than the 
precision of tbcir  position  estimates. From the data set we 
can  see  what  has  happened in the past and surmise, but not 
predict  theoretically,  what  can be expected  in the future. 
Although  extragalactic objects arc: not as predictable as 
stars, the benefit of extragalactic objects and VLBI radio 
astromctry is that the lcvcl of astrometric unccrtainty is at 
least 1 order of magnitude  better  than when using optical 
measurements of stars. The potential weakness is that the 
quality of the ICRF so derived cannot easily  be  given a 
purely  theoretical  underpinning. 

Because the vast  majority of observations were  made for 
geodetic  purposes and therefore  used the brightest  compact 
radio sources,  while  the  strictly  asrrornetric  observations 
constitute only a small fiaction of the  total, the information 
available on the sources from the VLBI data varies enor- 
mously. Thc approach we have  taken is to derive the 
measure of ideal  behavior, i.e., invariant position in the e l -  
cstial  frame, from the available data. In some cases, thou- 
sands of observations lead to the discovery of statistidly 
significant  position variations For other sources we might 
only be abIe to say that the variations in position are  not 
inconsistent  with  their  measurement  uncertainties. Forru- 
nately,  there is a sufficiently  large  class of radio sources  with 
more  than  enough  observations and minimal position 
variations to make the effort  worthwhile. In addition, com- 
parisons between independently  derived  catalogs were used 
as a consistency check, When signiflcanf discrepancies  were 
discovcrcd in such  comparisons,  the panicular sources in 
question were considered  less  reliable for use in the ICRF. It 
was not  possible,  given the number of observations, to try 
to explain  the  small  number of discrepant positions. 

It was considered essential that the realization of the 
ICRF be derived  from a single analysis, even if impeffect. 

rather than  from a combination catalog made of sever. 
VLBI SO~uKiOnS. While  various  recent  catalogs  are n( 
inconsistent,  cxcept  for a few discrepant  sources, a con 
bination catalog loses certain information,  The  operation; 
realization of the ICRF is a Set of right  ascensions an 
declinations,  but  the actual information is the  much largt. 
set of relative  positions,  whose  quality is contained in th 
full  covariance  matrix. A typical  combination catalog dot 
not give access to this  information. In addition, there 1 
extensive  but  not  complete overlap of data used in some 
the VLBI analyses, and there are differences in mod&. 
between  analysis  groups.  Consequently,  understanding th. 
statistics and systematic errors of a combination solution i, 
not straightfonvard. 

2. DATA 

VLBI observations for geodesy and astrometry  usini 
Mark  ILI-compatible  systems  (Clark  et al. 1985)  have  beer 
conducted  since about mid-1979. These observations arc 
made in a bandwidth  synthesis mode at standard fre- 
quencies of 2.3 GI& (S band) and 8.4 GHz (X band).  Dual- 
frequency  observations allow for an accurate  calibration of 
the frequency-dependent propagation delay  introduced by 
the ionosphere.  while the multiplicity of channels within a 
band facilitates the determination of a precise  group  delay 
(Rogers 1970). A phase calibration signal is injected into the 
receiver at both bands at most stations to remove instru- 
mental  dispersion and time  variarioas in instrumental 
delay.  Meteorologic information is logged at most stations 
and is used in tropospheric modeling.  Observing  sessions 
are typically of 24 hours' duration, as this period of time is 
required to recovcr  (separate)  parameters for nutation and 
polar motion 

The VLBI observations used for the ICRF have been 
obtained primarily by the NASA Crustal Dynamics Project 
(CDP), now succeeded by the Space Geodesy Project, the 
Jet Propulsion Laboratory (JPL), which is operated  by  the 
California Institute of Technology for NASA, the Geosci- 
ences Laboratory (GL), formerly part of thc  National Geo- 
detic  Survey (NGS), which is operated by the  National 
Oceanographic and  Atmaspheric Administration (NOM), 
the US Naval Observatory (USNO), and the US Naval 
Research Laboratory (NU). 

The CDP programs included several long-term  monitor- 
ing projects, such as the program to monitor motions 
between the Norrh American and Pacific  plates. In addi- 
tion,  there are  numerous short-tern projects, too many and 
too specialized to describe here. The interested reader is 
referred to Ryan, Ma, & Caprette (1993b).  The JPL obser- 
vations were made primarily for  purposes of spacecraft 
navigation  using the Deep Space Network telescopes. Infor- 
mation on  aspects of the JPL program  can be found in 
Sovers (1990) and Jacobs & Sovers (1993).  Additional  infor- 
mation on the GL/NGS observing  programs can be found 
in Robertson et a l .  (1985,1993).  Information on the USNO 
Earrh orientation observing  program  can be found in 
McCarthy & Luzum (1991). The NRL program is described 
by Johnston et al. (1995). 

The geodetic/astrometric VLBI data set has a rich  variety 
of stations and  networks.  Antennas  range from 3 to 100 m 
in diameter.  Baselines  range  from a few tens of meters 1 0  
nearly  the  diameter of Earth. Although  extreme  baselines 
contributed very little to the total number of observations 
and smaller mobile antennas lacked  sensitivity to see any 



but the brightest  sources, the entire data set was used 
(except for sessions  entirely between antennas at a s b d e  
observatory),  pooled  cooperatively  from all the various 
observing programs,  Besides  providing the potential for 
extracting  the  maximum information, the  use  of  the mtirc: 
data set  includes  the  widest  variation that the  network 
geometry and station size can  impose  upon the r t d k d  
ICRF. The ICRF positions and stated uartainties should 
then  represent  realistically how confidently  thc  positions 
can be used in the future with arbitrary measure- 
ments. The VLBI data for this work  were  edited  following 
the usual procedures of each contributing group. In the 
context w d  here, one observation  represents  one group 
delay-phase delay rate pair. 

3. ANALYSIS SOWWARE 
While the subgroup  had access to sevcral  analysis 

systems and data sets, the solution for the ICRF was  made 
at Goddard Space  Flight Center (GSFC) largely for two 
reasons, one of convenience and one for better modeling. 
The GSFC system had access to more data and had already 
implemented an improved tropospheric model,  Similar 
results could have been obtained at other analysis  centers 
such as YPL, but with  greater  effort.  Detailed comparison of 
the GSFC and the JPL software,  described in more  detail in 
9 7.2, gives  confidence in the correctness of the mechanical 
implementation of the VLBI modeling. 

The GSFC analysis  system (Ryan, Ma, & Vandenberg 
1980; Ma  et al. 1986; Caprette, Ma, & Ryan 1990; Ryan et 
a l .  1993b) consists of the astromevic and geodetic VLBI 
reduction software CALC, SOLVE, and GLOBL. The data 
analysis methods using the GSFC system are covered in 
detail by Ma  et  al. (1986) and will bc described only briefly 
here. CALC calculates the observation equations including 
most partial derivatives and contains most of the physical 
models of  che reduction process, generally following the 
International Earth Rotation Service (IERS) Standatds and 
Conventions (McCartby 1992, 1996). The IAU definitions 
of precession  (Lieskc et al. 1973, sidereal  time  (Aoki  et aL 
1982), and nutation (Wahr 1981; Seidelmann 1982) were 
adopted as the underIying models. SOLVE uses the output 
of CALC, along  with  some additional modcling, to perform 
a least-squares solution to estimate  parameters  such as 
source or station positions and  Earth orientation param- 
eters. GLOBL is a nonintcractivc way of running S O L m  
so that  data from different  experiments can be combined, 
allowing some  parameters  (e.g.,  source  positions) to be esti- 
mated from a combination of many data sets. To obtain a 
solution, the individual data sets are combined  sequentially 
using “arc” parameter  elimination (Ma ct  al. 1990). All 
solutions give  weighted  least-squares  estimates  for param- 
eters.  Timc-invariant or “ global ” parameters, ie., param- 
eters  dependent on dl data sets,  are  carried from srep to 
step,  resulting in a single  estimate  dorived from the  com- 
bined data of all  experiments in the sohion. Depending on 
the  problem at hand,  these  global  parameters  may  include 
station positions, station velocities,  source  positions,  source 
velocities (proper motions), numion series  coeficients,  the 
precession constant, Love  numbers for the solid Earth tides, 
and the rdativistic gamma factor. Local or  “arc” param- 
eters  depend  only on the data from an individual cxperi- 
ment and are estimated  separately for each  epoch of 
observation. Arc parameters include tho* for the station 
docks and  atmospheres,  Earth’s orientation, and nutation 

oflsets in obliquity and longitude. Station positions an 
source  positions  can also be arc parameters if the  solution 
to follow changes over  time. 

The astromefric  positions given in this  paper  result fror 
a particular choice of analysis  configuration as descibed i 
following sections. 

4. PREP-TION FOR ANA&YSIS 

As suggested  previously, the observed sources can b 
characterized along several lines. The most imponat ar 
variations in position seen  in  the data  and the number c 
observations per source. The underlying  conceptual bash c 
this  type of realization of the celestial  reference frame is tha 
posiuom are invariant with time.  Therefore, the first t d  
was to ensure that this condition was not significantly vi0 
lated. A series of soIutions was made. In each  solution, thl 
positions of all sources  except  for a ma11 test  set  were @ti 
mated as time-invariant “global” parameters. The p s i  
tions of the test  sources were treated as c( arc” parameters 
with a position  estimated  for  each day the source wa: 
observed. Each source was treated as a test  source in somt 
solution. The complete  set of source positions as functions 
of time was then analyzed to determine which sources hac 
statistically  significant variations in their positions. Sources 
were  rejected if the magnitude of the  weighted rms of the 
mum position variations from one  epoch to the next 
exceeded 0.5 mas or 3 tr (based on the position  formal 
errors). In addition, in another solution  proper  motion was 
estimated as a IC global ” parameter for all sources with s a -  
dent  data (two or more observing sessions). For sources 
with  sufficient data  to derive  statistically significant appar- 
ent linear motions, a source was  considered  problematic if 
the apparent motion  exceeded 50 pas yr” and was greater 
than 3 times  the formal mor. Since  these  two  classes of 
sources showed  undesirably large position  variation,  they 
were treated differently from othcr sources in the h a 1  
andysis. To accommodate their position variations  without 
deforming the geometry of the  remaining  sources,  the  posi- 
tions of these  sourccs  were  adjusted  separately for each 
session  in which they  were  observed. A total of 102 of 608 
observed sources were found to have  unstable positions by 
these criteria. 

5. CONFIGURATION OF “HI3 ICW ANALYSIS 

The configuration of the ICRF anaIysis  was  developed as 
a balance  between  competing goals: thc most pata and the 
least  systematic mor ;  the  best models and  available 
options; the  largest  number of useful  estimated  parameters 
and computer speed, ctc. As improvements  occur in the 
future, the  balance may shift and the results  should be better 
Still. 

The most important configuration choices  are  related  to 
data selection and modeling. To extract the most  informa- 
tion from the data, both the group delay and phase delay 
rate  observables  were used Only  observations  above 6” 
elevation  were  included in the solution, bccause of inade- 
quacies in modeling the troposphere at lower  elevations. 
There  may  also have been additional systematic error intro- 
duced into the solution because of poor modeling of  phase 
delay rate variations induced by tropospheric ductuauo= 
The troposphere was  modeled using the MTT mapping 
function (Herring 1992), estimating the zenith  troposphere 
effects in the form of 1 hr piecewise  linear  continuous func- 
tions with constraints on the size of variations.  While 

970504-3 



M A Y - 2 2 - 9 8   Q I E : 1 7   F R 0 M : U S N O   1 0 : 2 Q I 2 7 6 2 1 5 6 3   P A G E  5 1 3  

MA 

shorter  time  intervals  have  been shown to product btter 
geodetic  results,  thcy  were not used in this  analysis h a u s e  
of computer  speed  limitations.  Time-variable  gradients  in 
the  troposphere  were also estimated  (sce 4 6.3). The  effect of 
tropospheric  gradients on the  sourcc  coordinates is 
described  in 4 7.3. Because  it was not  avaiIable  in  the CSFC 
analysis  system, no atmospheric  structure  information 
(Treuhaft & Lanyi 1987) was used to weight  the  lcast- 
squares fit. 

The  primary geodetic parameters, the station positions, 
were estimated  separately  for  each session. In this way, any 
nonlinear motion of the stations (e.&, unmodebd tectonic 
motion, Iong-tern antenna motion, or earthquake 
displacements) does not affect the  integrity of the  invariant 
source positions. The relative  source positions derived fkom 
a  single 24 hr session are not distorted by forcing  the station 
positions for that day to conform exactly to a linear model. 
Station motions within  a  day,  from solid Earth tides  and 
ocean loading were derived  from unadjusted a priori 
models (McCarthy 1992). 

The  weighting of the data followed  the usual GSFC prac- 
tice. For each session, a pair of added noise values was 
computed  for  delays and delay  rates  that  caused  the 
reduced ~ (the x2 per degree of freedom) to be close to 
unity when added to the  variance of the  observations 
derived  from the correlation  and  fringe-finding  process, as 
well as the  calibration of the  ionosphere.  Other modifi- 
cations of the  observational errors such as elevation- 
dependent  and  source-depcndcnt  noise were not used 

The  unadjusted a priori models for geophysid effects, 
precession,  and  nutation  generally  followed  the JERS Stan- 
dards (1992) (McCarthy 1992). The VLBI theoretical  model 
for  the  geometric  portion of the delay (including  relativistic 
effects) was the  so-called  consensus  model  given in the IERS 
Conventions (1996) (McCarthy 1996). 

As mentioned prcviously, parameters  were estimated 
using arc-parameter elimination  (Ma  et al.  1990),  which is 
an incremental least-squares  method  that  can  accommo- 
date  large numbers of parameters if they are associated o d y  
with particular  data  intervals, or “arcs.” In the ICRF 
analysis,  several classes of parameters  were adjusted For 
each  observing session, the adjusted BTC parameters 
included positions of sowces with identified cxcessive 
apparent motion or random  variation;  two  celestial pole 
offsets to account  for  errors in the standard  precession/ 
nutation  models; positions of the stations; the  rate  of UTI 
relative to a good a priori time  series; 1 hr troposphere 
parameters,  described above; tropospheric  gradients  in  the 
east-west  and  north-south  directions,  linear in time;  quad- 
ratic clock polynomials for the gross clock  behavior; 1 hr 
clock  parameters  similar to the 1 hr troposphere  param- 
eters; and  necessary  nuisance  parameters,  such as clock 
jumps and baseline  clock offsets (i.e.,  separate  bias param- 
eters  for  each W B I  bascline to accommodate smalJ, con- 
stant,  baseline-dependent  instrumental and correlator 
errors). 

The remaining  parameters  were  adjusted as invariant 
quantities  from  the  entire  data  set.  These “global” param- 
eters  included  invariant  source positions, geometric 23x1s 
offsets for  all fixed antennas, and 252 parameters  for Earth 
rotation  variations in the  diurnal  and  semidiurnal  bands 
caused by ocean  tides. 

The axis  offset  and ocean tide  Earth  rotation  adjustments 
were all  small  and  consistent with geodetic solutions, but 
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the  estimates were included to elimiaate any influence o 
the  Source positions and to avoid falsely optimistic  sourc 
position covariances that would occur if the axis offsets  an+ 
tide  parameters  were  assumed to be perfectly known. 

After  cornplcting  a  series of test solutions to refin 
various  aspects of the analysis, a final solution was run 1. 
tht fall of 1995 that  included 1.6 million pairs of grou+ 
delays and phase  delay rate obtained from observation 
spanning thc  time period from 1979 August  through 199 
July.  The  postfit  weighted rms residuals were 32.6 p~ fo 
delay  and 104.2 f% s” for  rate, with a reduced x: of 1.0k 
There  were 1305 global parameters,  about 650,000 ar; 
parameters,  and  over 2.5 million degrees of freedom. 

Several  results  are obtained from the ha1 lat-square. 
solution, designated “WGRF” for  the  following dis 
cussions. Of  primary importance is the set of invanan 
source positions and  their formal uca-tainties. The fd 
covariance  matrix of these source  positions  is  anothe. 
important  result, although rather  massive  for  everyday use 
The time  series of positions for “arc ” sources from the 
individuaI session estimates show the  level and character o 
their position variations. For these sources, an addjtiona. 
step was taken to calculate the weighted mean position: 
and  weighted rms scatter as a measure of error. In addition 
the observation  and session counts for  each  source  givc 
some indication of the  usefulness of a source. 

6.  RELEVANT ESTIlrLATED AUXILIARY PAlU”IBt$ 

Some of the auxiliary model parameters that were deter. 
mined in the  course of generating  the  celestial refermu 
frame are of interest for their own sake. Two sets of such 
parameters  fall into categories that are  related to the ICRF 
orientation and stability. The session-by-session nutatior, 
angle  offsets  from the a priori precession and nutatior. 
models in ecliptic  longitude, A$. and obliquity, k, con&- 
information concerning inadequacies of the present IAL 
models of  precession  and nutation, and  they  thereby fix the 
orientation ofthe principal axis of the  ICRS at J2000.0. Thiz 
is found to be  substantially  different from the location of the 
standard LAU celestial pole at J2000.0. 

Likewise, the positions of “arc” sources can be used as 
indicators of the time variability of their intrinsic structure. 
In addition to serving  as  indicators of the  suitability of a 
source as a defining fiducial point in  the IC-, the time 
dependence of such source positions places  limits on the 
stability of the frame over decadal  time  spans. 

A rhird setlof parameters of interest  are those for model- 
ing tropospheric  delay  gradients at the observing stations. 
The solution  giving rise to the ICRF catalog is one of the 
&st large-scale  estimates of such gradients. As discussed in 
9 7.3, accounting  for  these  gradients is essential in  removing 
sizable  declinauon  systematic errors. 

The following three subscctions  consider the  above 
parameter  categories in turn. Conditions of their  estimation 
in the ICRF solutions are discussed in some detail, as is 
their  relevance to the accuracy and stability of the ICRF on 
the one hand  and  astrometric/geoderic  modeling on tht. 
other. 

6.1, Nutarion and Precession Corrections and rhe 
Orientation of the Pole 

In ordcr to achieve the best  accuracy  in  the VLBl 
analysis  leading to the ICRF, short-term v a r i o t i ~ ~  of the 
celestial  ephemeris  poIe  need to be  taken into  account. As 
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mentioned  above,  this was achieved  by  estimating correc- 
tions to the nutations in longitude, AI), and obliquity, A€, 
for each VLBI observing  session.  The  time  series of these 
esrimated nutation  angles are thus an integral parr of the 
modeling for the  ICRF. To preserve  the  highest  accuracy, 
e.& in  calculating source coordinattv of date,  these corrcc- 
tions should be part of the  model. Rather than interpolating 
this nonuniform time series, it is  more  convenient  to  gener- 
ate  corrections to the XAU a priori precession  and  nutation 
models by a  least-squares fit to tbc series of nutation angles. 

Figure 1 shows the  time series of nutation  corrections 
relative to the 1980 IAU modeL Each p i n t  is plotted with 
its formal uncertainty from the VLBI solution gjving rise to 
the ICRF source catalog. The curves  show analytjc func- 
tions fitted  to the VLBI results in a postprocessing  step. 
Approximately 2400 pairs of nutation angle corrmions 
wcre fitted to a model that includes  a bias, linear drifh and 
terms  both in and out of phase with the 1980 IAU 18 yr, 9 
yr, annual, semiannual, 121 day, and  14 day nutation t e r m s  
Points with formal errors  that  exceed 5 mas were omitted 
from the plot in order to provide an uncluttered graphic 
presentation.  The  omitted points amount to about 5% of 
the available points and do not affect the results siguifi- 
cantly, because of their low weights. The resulting  time rates 
of longitude  (lunisolar precession) and obliquity are 
-2.84 & 0.04 and -0.33 f: 0.02 mas yr-'. respectively, 
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These  values  are in reasonable  agretmcnt  with r a t  
published  results  (e.&.  Charlot  et  al. 1995). Nutation amp1 
tudes of components in phase with the basic  1980 IAI 
series arc likewise in reasonable  agreement with previoL 
results: 18 yr (#, E )  in rnilliarcseconds (- 6.1 f 0.: 
2.7 f O J ) ,  9 yr (0.9 f 0.04, -0.2 f 0.02), annual(5.1 t 0.0; 
2 2  * 0.01), semiannual (1.6, -0.61 and 14 day (-0.3, 0.2 
Thc formal uncertaintics of the  corrections for the  last tw 
periods are  all 0.01 mas, while the 121 day corrections ar 
not significant  at  the 0.1 mas level, 

The  reduced x," value of 3.2 and the scatter about the fi 
arc roughly consistent with the idation of ICRF sourc 
coordinate  formal  uncertainties,  discussed in 0 9. Althougl 
the XCRS was constructed to bc  consistent with thc FK. 
pole of J2000.0, Figure 1 clearly shows that  there  is a differ 
ence  between  the  mean J2000.0 polc and  the  ICRF pole D 
~ 1 9  mas in A$ sin E and e 4  mas in A€. However, thi. 
difference is wirhin the error of the  stellar reahation. 

6.2. Time Variation of Source Coordinates 
Some idea of the  long-term  stability of the ICW can be 

gained from a consideration of test solutions in which t h e  
position of each source with  sufficient  data is allowed  tc 
vary linearly, subject to a global constraint of no net  rota- 
tion, These solutions thus  provide  absolute  proper  motions 
relative to the  entire  ensemble of ICRF sourcds. Figure 2 
shows the smoothed time evolution of the astrometric posi- 

80 82 84 86 86 90 92 94 96 

Time (yeors past 1900) 

atmgdacfic DOIUCCI (a) 0552+ 398 @A 193). (b) 0923 + 392 (4C 39.25). and 
FIG. 2" evolution of tho artromctric position in u cos d for the 

(c) 2251 + 158 (3C 454.3). Tick rparLs on thc vertical axis arc  spacad 1 mas 
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tions in a COS 5 for  three wellsbserved sources of Merent 
astrometric  quality.  The plotted positions represent 45 day 
moving  averages,  with no overlap, of thc raw "arc" PO.& 
tiOnS for these Sources. The data have h e n  averaged  for 
clarity of presentation. 

Figure 2a shows the time evolution of the right asmnsion 
of 0552 + 398 (DA 193), the most frequently observed source 
in the  ICRF. A weighted  least-squares  fit to tbe data sug- 
gests  that  there is no statistically  significant, long-term 
h e a r  motion in  the right ascension of this source. Figwe 2b 
shows the time evolution of the  right ascension of 
0923 +392 (4C 39.25). A weighted  least-squares  fit shows 
that, for this source, there is a statbtically signnificant long- 
term motion. This motion is not seen in other  angularly 
nearby ICRF sources, and it is interpreted as a change in 
the brightness distribution of this  particular  sourcc,  The 
obwved angular  rate of 59.8 f 2.2 pas yr" for 0923 -I. 392 
translates into an apparent  transverse  veIocity of - 1.3 
times  the  speed of light, strong evidence  that this motion is 
due to intrinsic  source structure changes (Fey, Eubanks, & 
Kingham 1997). The positions of both 0552+398 and 
0923 +392 have weighxed rms residual  scatters of about 
0.2-0.3 mas  about  the  best-fit  linear model, indicating  that 
the  short-term  stability of the ICRF is at approimately the 
0.3 mas  level, or better. 

Figure 2c shows the  time evolution of the  right ascension 
of 2251 + 158 (3C 454.3).  The data for this source are not 
well  represented  by any linear trend over periods much 
longer  than a few months. The scatter of the  residuals of the 
right ascension data about a straight-line  fit is very much 
larger  than can be expfaiaed by  the formal errors. Clcsrly, 
the position of this source cannot be repeated to much 
better  than  about 1 mas, which  indicates  the  Iimitations 
involved in using  the positions of such sources as fiducial 
marks. 

6.3. Tropospheric Delay Modeling and Azimuthal Gradienrs 
Tropospheric  propagation  delay, which has been and 

continues to be one of the principal errors encountered in 
thc  analysis of VLBI astrometric and geodetic  data, varies 
as a  function of eIevation and azimuth of the VLBI observ- 
ation. Continuing improvements in the mapping functions 
that  describe &e efcvation  dependence of the  tropospheric 
delay (Davis et al. 1985; Herring 1992; Niell 1996)  have 
been  successful in reducing systematic and  random  errors in 
estimated  geodetic and astrornetric  parameters. In test  solu- 
tions for the  current  work, no sigoificant  differences  were 
found between the  astrometric  results  using  the MTT 
(Hening 1992) and the Niell (Nielll996) mapping functions. 
Azimuthal  asymmetries in the tropospheric  delay, i.c., tro- 
pospheric  gradients  (Chen & Herring  1997),  have  been 
observed (Davis et a1 1993),  and  geodetic  precision is 
improved  when  gradient  parameters arc estimatcd  in  the 
VLBJ analysis (Herring 1992; MacMiIlan 1995). The sys- 
tematic effect of tropospheric  gradients on source positions 
is described in 7.3. The  estimated  gradient parameters 
show a mean north-south  asymmetry in the  troposphere, as 
well  as seasonal  variations that depend on specific stations. 
Spatial  variation  in  east-west  gradients is about  one-third 
the  spatial  variation in north-south  gradients, wkile long- 
term mean cast-west  gradients are close to zero.  The  mean 
north-south  gradient values are latitude dependent and are 
consistent  with thc general  increase  of  pressure,  tem- 
perature,  water  vapor,  and  tropopause  height  toward  the 
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equator. The  nearly zero mean east-west gradient  values at 
consistent with the  general  cast-west  progression of Iargt 
scale  weather  systems. 

7. SOURCES OF ERROR 

Given the  very  large  number  of  observations for som 
sources,  the  crror  contribution  from  observational  noise i 
very  small  add not a  meaningful  measure of uncertainty. I 
is therefore  necessary to consider several  other effects il 
order to assign  realistic crrors. One  consideration is th 
statistical  validity of rhe formal errors.  Another is the cumu 
lative influence of all modeling errors and editing decisions 
Yet another is the  magnitude of specific, identifiable  system 
atic errors  that could have  distorted tho  results. 

7.1. Statistical Validity of rhe Formal Errors 
The VLBI data  used  here  have also been  analyzed  fol 

geodetic purposes. Extensive  tests of the  geodetic  result; 
(Ryan et al. 1993a)  indicate  that a multiplicative  factor 0: 
1.S is appropriate IO scale the formal errors of estimated 
parameters,  such as station pobitions, in order to represent 
their  actual  variation  over subsets of data.  Because of the 
relative  paucity of data  for  many sources and  the  large 
amount  of  computer  time  required, o similar analysis was 
not undertaken  for  the  aslromctric  results.  Nonetheless, 
preliminary  work shows that it is necessary to apply a 
similar  scaling  factor to the  forma1  errors of the source 
positions. It should be noted that  this scaling of formal 
errors is not intended to represent  the  degradation of source 
position repeatability  in  those sources with variable  intrin- 
sic structure.  We have  attempted to handle inuiasic- 
structure  effects  by  stringently  removing  such sources from 
the  defining  list. 

1.2. Modeling Errors and Data Editing 
The  cumulative  effect of modeling errors and data editing 

can be examined in detail by comparison of radio source 
catalags  derived from independent  analyses using different 
data and/or  different  analysis  software.  Intercomparison of 
different  radio  source catalogs addresses  the  problem of 
incorrect modehg and cousequent  systematic  errors. 
Aspects that can be  probed by catalog  comparisons  include 
(1) agreement  between  independent data sets, (2) processing 
Werenccs at  different  analysis  centers, (3) agreement 
between  subsets of the  same darabase,  and (4) intentional 
perturbations of the modeling. 

We have made a number of such comparisons  between 
the WCRF catalog that was  derived from all  available 
VLBI  data, associated catalogs derived  from  the  same  data- 
base  that  were  created  for  test  purposes,  and existing radio 
source  catalogs.  Existing catalogs include  the 1994 and 1995 
IERS realizations of the  celestial reference  frame (heredtcr 
IERS94  and IERSBS) and  the  radio-optical reference frame 
of Johnston  et  a]. (159s) (hereafter PORF). Comparing 
WCRF with  thc latter  indicates  the magnitude of coordj- 
nate discrepancies to be expected between global catalogs 
an4 to some  extent, points 2 and 3 as well.  Points 1 and 2 
were: tested  by comparisons with two  catalogs based on 
indepeddent  data  and  analyzed  with  independent  software. 
Thc two catalogs are denoted I( GSFC " and JPL" and =e 
based, respectively, on data  collcctcd at GSFC and at JpL 
using  independent VLBI networks.  The two independent 
data  sets were analyzed  respectively at GSFC using C A E /  

970504-4 



..." L L  4- Y U .  .-. . " . - l i " J I . V  ' Y : L U L < D L ' = l O 5  I-HbL: u/ 3 

' No. 1,1998 INTERNATIONAL CELESTIAL REFERENCE FRAME 

SOLVE and at JPL using the JPL MODEST software 
package.  Finally,  point 4 was tested  with  three  additional 
catalogs: WGRFna, WGPFcl, and WGRFng. In the solu- 
tion used to produce  the  WGRFna  catalog, all source mor- 
dinates were  treated as global parameters (is., no sources 
were  arc  parameters). For the  WGRFel  catalog, the tbresh- 
old for  eliminating,  lower elevation  observations was raised 
from 6" IO 7". Finally, for the WClRlFng catalog, no tropo- 
spheric  gradient  parameters  were  estimated in the solution. 
For these  last  three  catalogs,  all  other  parameterization of 
thc solutions was identical to that  of the WGRF solution. 

Assessment of catalog comparisons  relies on several mea- 
sures of the overall alignment and agreement of the  coordi- 
nates.  Table 1 shows such results for  the nine pairs of 
catalogs in the  comparisons. The quantities AI, A,, and A3 
are  the rotation  angles about Cartesian axes to bring each 
pair of catalogs into best coincidencc;  the  reduced x$ values 
are calcutatcd from position differences after the rotation is 
applied to one catalog of the pair.  Off-diagoaal  covariances 
are  neglected id aU comparisons.  Agreements in IC cos 6 and 
b between catalogs are indicated  by rms differences about 
the mean; another  measure is a similar  quantity  for arc 
lengths  between  all  pairs of sources. Potentially signscant 
internal trends in the  variation of coordinate  differences 
with dl and 6 are assessed by fitting  linear models to afl four 
combinations Aa vcwus a, b and A6 versus a, 6. The largest 
variations of these fits over  the  celestial  sphere, D,, as well 
as their significance in units of the formal  uncertainty of the 
slope, DJa. are  reported in the Iast two columns of Table 
1. With two exceptions,  they are all in A6 versus 6 :  the 
exceptions are Act versus a for 1ERS95 versus IERS94 and 
At3 versus cc for WGRF  versus  WGRFna. 

Table 1 shows that all the tested catalogs are  well 
aligned: rotational  oAsets do not exceed 0.5 mas around 
any  of the  three axes.  Systematic errors  appear to be 
present,  however, as indicated by the reduced x,' values of 
between 2 and 3 for many comparisons after  the  removal of 
the  rotational offsets. Note that  the  rotations and the 
reduced 1: values are considerably  smaller  for  the Iast three 
catalog pairs, which involve only minor  modeling  varia- 
tions but are derived from the same data set. This  result also 
holds true for the rms differences and trends:  these  remain 
below 0.3 and 0.2 mas per loo", respectively.  Only  the  inclu- 
sion of tropospheric  gradients in the modeling has an 
appreciable  impact.  This is discussed in 9 7.3. 

The results arc! significantly different,  however,  for the 
first six catalog  pairs.  Differences are as large  as 0.4 mas for 

coordinates  and 0.6 mas for  arc  lengths, with trends react: 
ing 0.7 mas per 100" with 15 4 apparent significance. Th 
differenccs  in coordinates arc  largest  for  the GSFC versu 
JPL  comparison.  The individual differences  between tbes 
two  catalogs are shown in Figure 3. 

It should be noted that  the sigruficance of the systemati 
trends in coordinate dfferences is exaggerated in the  result 
of Table 1. As noted above, these  values were calculate( 
witbout using off-diagonal  covariances. Wben conelation 
among all source coordinates are  taken  into  account, t h t  

significance of such trends  decreases  substantially. As ax 
example,  the  fairly  large deviations in declination  visible  fo: 
Southern  Hemisphere  sources  in  Figure 3 are not as sjgnifi 
cant as they  appear, as these declination differences  are cor. 
related. This is an indication that the  quality of  the sourcc 
coordinates over some limited  region of  the  sky is consider- 
ably better than their coherence  over the entire  celescia. 
sphere.  The most likely source of such  behavior is in the 
correlations  among observations introduced by Itnitationb 
of observing  nctworks and schedules. 

Ocher considerations of catalog comparisons are the levei 
of  agreement one would expect from  using  independent 
analysis  software and the bias  introduced by different 
analyst  choices in editing the raw data To address  the M u -  
ence of differences in software,  a  program of model com- 
parison was undertaken.  Three software packages (CSFC's 
CALC,  used to generate the WGRF catdog, JPL's 
MODEST, and the GLORIA package of the Observatoire 
de Paris) were compared in detail for a11 observables  in one 
24 hr VLBI observing session. Because of  software limi- 
tations, not all model components were  compared, most 
notably tbe axis offsets of antennas with  nonintersecting 
axes.  Furtbennore,  some  model  components, such as differ- 
ent  tropospheric  mapping  functions, were  compared only 
within the  same  software  package. After  considerable  effort 
to match  modeling options between  the  different sofiware 
packages,  the  weighted m s  delay and  delay  rate  observ- 
ables  output by each package were found to be in agree- 
ment to within - 1 ps and - 1 Is s-', respectively. Effects on 
source  positions  would thus be  Iimited to errors on the 
order of 1 ps G 0.3 nun, which on a 10,OOO km basehe is - 0.005 mas. This is approximately a factor of 60 lower than 
some of the systematic  problems  exposed in Table 1. 

Having  isolated modeling differences, we  next built cata- 
logs using an identical subset of the  data  but  analyzed u i n g  
different  software  (CALC, MODEST) and  analyst choices. 
The rotation  angles  between  the resulting catalogs were 

RMS $mmus (mas) 
ROTATION ANGm (mas) m " A L  Tnmns 

Arc 
CAa-ALOcl P m  A1 A, 4 x: acos6  6 AicLangth D,' D-Ja 

w o w  vs. IERs95 ........ 0.1 -0.4 O A  292 0.23 0.39 0.55 0.32 14 
VS. R O W  ................ -0.2 -0.5 0.0 211 0.10 0.38 0.42 0.32 15 

IERS9S vs. IERS94 ........ 0.0 0.0 0.0 2 8 5  0.30 a31 0.52 0.29 12 
WGW VR GSFC .......... -0.1 -0.1 -0.0 1.68 0.09 a29 0.39 0.15 7 

M. JPE ................... 0.1 -a3 -03 284 026 Q.94 as 1 0.66 15 
GSFC v8. JPL ............. 0.2 -0.3 0.2 3.42 0.30 0.36 0.58 0.38 14 
WGRF vs. WG Wna. . . . . .  a2 0.0 0.0 0.18 0.05 0" 0.12 0.07 2 

VI. W G W d  ............. ao 0.0 0.0 a04 0.01 0.02 0.04 0.02 2 
va. WGWng ............ 0.0 -0.1 0.0 0.99 0.03 0.12 0.22 0.19 8 

In muspcr 100'. 
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A ,  = 0.14 f 0.03 mas, A2 = -0.01 k 0.02 mas, and A3 = 
0.00 f 0.02 mas. Tbe bias of the coordinate means in a cos 6 
and 6 was 0.01 and 0.02 mas,  respectively. The weighted rms 
differtiace between the two catalogs was 0.15 and 0.21 mas, 
respectively, in ct cos 6 and 6 .  

I 

"*Bo -60 -30 0 30 60 90 
Declination (deg) 

la summary, analyst choice8 may introduce scatter of a 
little less than 1 formal  error (which is 0.18 and 0.29 mas in 
the median for a cos b and 6, respectively) but do not sign& 
cantly bias the coordinate means. The  closeness of the 
model comparisons  indicates that the discrepancies 
between source catalogs are  determined by other factors. 
The model comparisons indicate that one can have  very 
high coddence h the corrcctawss of the model implementa- 
tiOllS. 

7.3. An Idenrifiable Sysremaric Error 
The gradients in the troposphere,  estimated &om the 

data, illustrate how a systematic effect on the source posi- 
tions can arise from a discrae change in the analysis. Figure 
4 shows the differences  between sowce dcclinations from 
analyses with and  without correction for estimated tropo- 
spheric gradients.  The  effect is much  larger  than the formal 
errors  and is caused by the greater  tropospheric thickness 
nearer  the equator  (MacMillan & Ma 1997). While the 
effect is not large in absolute terms, it is systematic and 
would distort the celestial reference  frame if ignored Note 
that the tests used for the catalog comparisons in 6 7.2 also 
detected  this  nonlinear  distortion. 

8. AST'ROPHYSICAL C A U m  FOR SOURCE POSXTION 
VARIATIONS 

Many  extragalactic sources display structure on milli- 
arcsecond scales for the strong  radio emission associated 
with  their  compact  cores.  Temporal  variations of the intrin- 
sic structure of thcsc objccts may result in apparent motion 
when observations are made at several  epochs. Until recent- 
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ly,  the  intrinsic structure of the majority of the sources  has 
been  mostly u*own. The surveys of Fey,  Clegg, & Fom-  
lont (1996) and Fey 2k Charlot (1997) show that most 
Sources,  when  examined in detail,  exhibit  spatia] Stm\lrC 
ob milliarcsecond scalcs. Their resdts show rhar  the v&- 
tion  of  intrinsic structure from  source to source  can be qtlire 
extreme,  ranging  from  relatively  compact  naked-core 
objects, to compact double sources, to complex  core-jet 
objects The situation is exacerbated by the  fact that 
compact  extragalactic radio sources  are to have 
variablc  intensity and  to have  frequency- and time- 
dependent  intrinsic  structure.  Consequently,  unknown 
and/or mode led  source structure effects may be intro- 
duced into the astrometric solution. 

Charlot (1990) has modeled  the  effects of radio source 
structure on measured VLBI group delays and delay  rates. 
Results of this modeling  suggest that these  effects  can be 
significant for extended  sour-  (typically at a level of 100 
ps). Fey Charlot (I997) calculated structurc corrections 
based on the Charlot analysis using source  models  derived 
from Very Long Baseline  Array  observations of 169 extra- 
galactic  sources.  Results of these calculations show that 
intrinsic-structure contributions to the  measured band- 
width  synthesis  delay are significant,  ranging  trom 
maximulll corrections of only a few picoseconds  for  the 
most  compact sources to maximum corrections of several 
nanoseconds  for the most  extended  sources. Fey & Charlot 
(1997) found  a  correlation  between  the  compactness of the 
sources and their  position formal uncertaizlties  indicating 
that the more  extended  sources  have  larger  position  formal 
errors They also & h e  a source “structure index ” based 
on the median of the  calculated structure corrections. They 
suggest that this index  can  be  used as an estimate of the 
astrornctric  quality of the SOLWCS as  follows:  Sources  with 
an  X-band structure index of 1 may bc considered very 
good  astromctric sources. Sources with an X-band  index of 
2 may be considered good sources, while sources with an 
X-band index of 3 should be considered  marginal (and 
should only be used with caution). Finally,  sources with an 
X-band  index of 4 should not be used at all for astrometric 
work. In addition,  sources  should  have an S-band structure 
index of either 1 or 2, with a preferred  value of 1, regardless 
of thc  value of their  X-band structure index. 

Shown in Figure 5 are contour plots of the radio emission 
at 3.6 cm wavelength  for four sources (0138 -097, 
0108+388,0544+273, and 2201+315) observed by Fey & 
Charlot (1997). These sources are representative of each 
structure index  class. The X-band  structure  indcx of thcse 
sources is indicated  in each  panel. The S-band structure 
index of each  source is 1 with the cxccption of 0108 +388, 
which  has an S-band structurc indox of 2. Only tbe two 
sources 0544f273 (structure index 1) and 0138-097 
(structure  index 2) arc ICRF defining sources (see 5 10). Also 
shown in Figure 5 are the  corresponding  structure-effect 
maps.  These  indicate  the  corrections to the VLBI delay 
observablc as a function of interferometer  resolution. n e  
mean, rms, median, and maximum  values of the structure 
corractions  calculated by Fey & Charlot (1997) for these 
sources are aIso indicated in each  panel. 

A caveat on the  use of the structure index is worth  noting 
at this  point, The projected VLBI baselines at which  struc- 
ture  effects  will  be  most prominent also tend to be very near 
minima in the  visibility  function  (Charlot 1990). This fact 
reduces  the  chances of a VLBI detection, and in the cases 

where an extended  source is detected (with low amplitud 
and low  signal-to-noise  ratio),  the  resulting astrometn 
solution formal errors will  be increased.  The  end  result I 
that the  low  visibility amplitude and low signal-to-nois 
ratio will increase  the odds that an observation of a 
extended  source is edited out or is down-weighted  in th 
solution. In this sense, astromcuic VLBI analysis  partial1 
compensates for structure effects.  Cousequcntly,  the  struc 
ture index should not be the sole  method for class~fjrjn 
sources for astrometric  suitability but should be given a 
leas1 equal  consideration  with other source  selection criten. 
(cf. Fey & Charlot 1997). 

The variations in source  positions  discussed in $6.2 wer 
not comprehensively  analyzed to determine  the underlyini 
causes.  The  position variations for somu sources  show  clea 
correlations with changes in intrinsic  structure, and to somt 
extent,  the  position  changes can be  derived from the  struc 
ture,  but  there  is no strong evidence of any  regularly  repcat 
ed behavior.  There arc 366 sources in the VLBI databasc 
with  sufficient  observations to estimate  meaningful proper 
motions, with 116 of these  sources having propcr-motior 
formal errors less than 50 p a s  yr”. Of these sources, odl  
26 have  proper-motion  esrimates  statistically  different from 
zero (at the 99.9% confidence level).  Since  the  statistical11 
signilkant proper motions typically  translate into trans- 
verse apparent velocities of 3-5 times  the  speed of light 
these  motions are presumably  caused by sourw structure 
changes  related to the superluminnl motions (i.e, motior 
pc?rpendicular to the  line of sight with an apparent linear 
velocity in excess of the  speed of light)  observed in com- 
ponents  ejected from the cores of‘ many of these  same  extra- 
galactic radio sources  (Vermeulen & Cohen 1994). In a feu 
cases (e.g., Charlot 1994; Fey et al. 1999, the  observed 
absolute  motions  have  been  related to specific components 
observed in source  images. 

9. ESTIMATION OF REALISTIC ERRORS 

From a  consideration of error sources  such as described 
in $ 7, it  was  concluded that a realistic  error  estimate  for the 
iavariant source positions could be made by inflating  the 
formal errors by a  factor of 1.5 followed  by a root sum 
square increase of 0.25 mas. For the  most  frequently 
observed sources, the 0.25 mas  is  the  dominant  error.  The 
errors of the “arc sourccs  were also incrcascd by 0.25 mas 
in quadrature. 

The method adopted at the IERS until 1995 for the reali- 
zation of the  extragalactic  reference  frame  consisted of com- 
bining individual VLBI frames by  applying an algorithm 
based on catalog  comparison. The positional  uncertainties 
dcrivcd from thc  combination  rcfiectcd thc disagrccment 
between  individual  analyses. 

A similar solution  was  performed  for this work in order 
to study the question of whether adopting a “unique cali- 
bration law” for  all  sources would eliminate or at least 
minimize systematic  errors.  Individual VLBI frames sub- 
mitted  by GSFC, YPL, NOAA, and USNO to rhe IERS in 
1994 (see Charlot 1995) were  included  in a combination 
solution.  The  solution  included  parameters  describing  the 
difference  between the Gamcs (three  rotation angles, drifts 
in right ascension and dechation as functions of decli- 
nation, and a  bias in declination). A comparison of the 
“ inflated ” WGRF uncertainties  with  those  obtained from 
tho  catalog  combination showed that there were still a non- 
negligible  number  of  sources  whose  inflated  uncertainties 
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were smaller  than  those  resulting  from thc comparison of 
parallel analyses with a  deformation  correction mode[. For 
these sources, thc  uncertainty  for  each  coordinate  was  set LO 
be the lager of the Mated Or the comparison  value. 

10. CATEGORIZATION OF SOmCm 
Because of different observing histories and  astromctric 

suitability,  the  source positions estimated from the VLBI 
data  analysis  are of varying  quality. In ordcr to define  the 
axes of the ICRF as accurately as possible, only tke highest 
quality  positions can  be used for  determining  or  “defining ” 
the orientation of the ICRF. The  remaining, or 
” nondefining,- sources, derived from the  same solution as 
that of the defining  sources,  are  included  primarily to 
densify  the  framc. 

To be most useful in defining  the  ICRF, a source  should 
ideally  show no variation of position in the  data  set,  have 
sufficient data to support the absence of variation, and not 
have  shown  unexplained  differences in position between 
realizations of cquivalent  validity.  Several  quality  levels can 
be established for each of the 608 sources  in  the WGRF 
catalog.  These  levels are. based on one of three sets of cri- 
teria: (1) quality of data and observation  history, (2) consis- 
tency of coordinates  derived from subsets of data,  and (3) 
repercussions of source  structure. 

To qualify for the list of sowces that could be  used to 
orient  the WGRF catalog with respect to the IBRS celcstid 
reference system, a source must  meet the criteria  in alI three 
categories. An attempt to quantify  the  criteria  follows. Ln 
category 1, a source is disqualified if it has fewer  than 20 
observations or if  the observations span less than 2 yr. Each 
of  the  individual  formal  coordinate  uncertainties s, 0 4 ~  and 
u4 from  the  least-squares solution (before (c inflation ” of the 
uncertaintics as dcscribcd in 8 9) must also be smaller thaa 1 
mas In category 5 a source may be disqualified on the  basis 
of thc  magnitude  and significance of its coordinate Mer-  
ences in several  pairwise catalog comparisons. After appli- 
cation of a  global  three-dimensional rotation to placc each 
pair of catalogs in best  coincidencep if the coordinate  differ- 
cnccs excccd 0.5 mas or 3 Q in either  coordinate,  the source 
is disqualified In  category 3, three  separate  tests  for  struc- 
ture effects must be satisfied. First, the source  must  have 
shown enough positiond stability so as to not qualify  for 
“arc” position estimation.  Second,  the  structure  index at 
the X band, when available,  must be 1 or 2 (median  absolute 
value  structure  correction  smaller  than 10 ps). Unfor- 
tunately,  at  the  time  of  the ICRF analysis,  these  values  were 
o d y  available for the 42 sources  imaged by Fey et  al. (1996). 
While  the fraction of sources  with  available images was 
rather  small (42 out of 608), the corresponding fraction of 
VLBI observations  involving  these  sources is respectable 
(- 55%). Finally, in subsidiary solutions that  estimated  time 
rates of change of right  ascension and declination,  [he sig- 
nificance  of any cstirnatd motions must nor exceed 3 KT. 

The sources rben  fall into three categories: 212 defining 
sources that fail none of the above criteria,  294  candidate 
sources that  fail some  or  all of the criteria, and 102 other” 
sources  with  identified  excessive position variation,  either 
linear or random.  Some  candidate  sources  have  insuflicient 
observations or duration of observation for reliable  design- 
ation as dehing sources,  while  others  with many  obser- 
vations may have  larger  than  expected  differences id 
position  between catalogs. Many  frequently  observed 
sources fail to be included in the  defining  category.  In  fact, 

the  majority of sources  with more than 20,OOO observatior 
do not  pass  at  least one of the chosen criteria. This is mo: 
likcly  a  reflection of the slringency of the  criteria  for elig 
bility as a  defining source. Candidate  sources  potential! 
could be designated  delining  sources in  future reahtior 
of the ICRF as more data bccome  available or analys 
improves.  The  third  calegory, of “other” sources,  includt 
sources  that  may  be  useful for purposes such as radic 
optical frame ties. Whilc only the defining sources have 
formal role in the ICRF, the positions of all sources ar 
consistent  with  the ICW. The VLBI database also include. 
several souscos with  inadequate  data IO estimate usefL 
positions, as well as several  radio  stars.  These few source 
have  been  excIuded  from  the  analysis of this papr and wii 
not be considered  further. 

Well after the defining source list was  finalized,  additions: 
sources  were  imaged and their  structure  indexes  compufec 
Four  sources (0153 .t 744, 0518 + 165, 0831 -t 557, am 
1532+016) with  stable positions and  already  included ii 
the  best  category were found to have an X-band structur. 
index of 4. The suvctures of 0153 +744, 0518-t 165,  anc 
0831 + 557, however, appear to be stable  over time. 

1.1. ORIENTATION OF THE ICRP 

The VLBI analysis for the WGRF catalog descrihc 
above  provided  accurate  relative  positions  and an overd 
orientation  extremely close to that of the  ICRS (Arias et a1 
1995). However,  the solution was not designed to obtair 
rcsdts directly on the  ICRS. The final stage in the ICRI 
realization  was the rigid rotation of the  relative  positions tc 
the  ICRS  maintained by the IERS. The WGW catalog wak 
aligned to the  ICRS  by  rotating it onto the latest  available 
realization of the IERS celestial reference  frame,  IERS95. 

Radio Soucc coordinates in IERS95 were obtained b> 
combining individual extragalactic  reference  frames sub. 
mitred to the IERS in 1995. The coordinates  adopted for e 
set of 236  defining  sources  aligned  the axes of IBRS95 to tht 
ICRS. 

Because of the model adopted in rhe compilation 0. 
IERS95, the  frame  was  affected  by  deformations  cornin& 
from  the  individual  contributed  catalogs.  The  improve- 
ments in the models and  procedures  applied  in the WGRF 
solution  resulted  in  a  frame I n s  corrupted by deformations 
but slightly  misoriented with  respect to IERS95. In the pro- 
cedure applied to rotate the WGRF positions to the IERS 
frame, care  was  taken not to transfer the deformations oi 
the  latter to the  former, 

The  algorithm  used to put the WGRF coordinates  intc 
the ICRS was based on a catalog comparison of commoc 
sources (Arias, Feissel, 8r Lestrade  1988).  However, not all 
common  sources  contributed to the calculation of the rota- 
tion  angles  between  the two frames.  From  the 212 WCRF 
defining  sources, only 117 were  defining  sources in IERS95. 
These  sources are  we11 distributed in the Northern Hemi- 
sphere but  rather sparse in the  Southern  Hemisphere. To 
obtain a better distribution of sources on rhe sky, an addi- 
rional 16 IERS95 defining sources  not in  the WGRF defin- 
ing list  but with rather bgh quality were  included,  resulting 
in 133 common  objects for comparison. 

The ICRF  extragalactic framc was obtained by putting 
thc  radio source coordinates ilom the WGRF solution on 
the ICRS via comparison  with  IERS95. Relative  orientation 
and  deformation  parameters to transform IERS9S to 
WGRF are listed in Table 2. The parameters A , ,  A 2 ,  and 
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A, (mu) ...................... -0.006 ;t LO18 
A,( - )  ...................... 0.007&0.018 
A, (mas) ...................... 0.005 f a021 
0, (mas per 1007. ........... 0.0 
D, (m per 1004) ............ 0.2 
B, ( m a s )  ...................... -02 f am 
Wrnls"4 (nus) .............. a14 
w m ,  (mas) .................. 0.20 

A ,  are  the rotation angles between axes of the  frames; D, 
and Dd arc the  linear  trends in right ascension and decli- 
nation, respectively, as a function of declination; and Bd is a 
dedination bias parameter  (Feissel & Essaifi 1994, p. 11-2s). 
All of these  parameters have been adjusted on the basis of 
the 133 common  defining sources. Thc quantities wrms,,, 
and w t m s d  are  the  weighted rms residuals in Q cos 6 and 6, 

Table 2 shows that  the axes of both frames m aligned to 
better than 0.02 mas. The  deformation of IERS95 relative to 
W O W  is represented maialy by a bias of the  principal 
plane. To test  the  stability  of  the axcs of the  system,  we 
estimated  the  relative  orientation between WGRF and 
IERS95 on the basis of different subsets of sources. The 
scatter of the rotation parameters  obtained in the differcat 
comparisons indicates  that  the  axes are  stabIe to within 0.02 
mas. 

rcspectively. 

12. THE ICRF CATALOG 

The  positions, errors, C,, (the corrclations bctwcen  right 
ascension and declination), 8nd observation and session 

TABLE 2 nniaxrtistics of tho ICRF defining sources arc given in Table 
A u c w m v r m ~ I C R F A x & s m m I C R S  Similar information for the candidate and other" sourc( 

-en in Tables 4 and 5, respectively. The X-band an 

Hip~arcos link sources (see Kovalevsky  et d. 1997) are alz 
PYvntler Val- S-band structure  indexes are given where available, an 

iderkified. Ancillary information, such as sousce  typ 
soure redshift, and VLM images, can be  found in Ma 
Feissal (1!997J3 

Figures 6,7,8, and 9 show the distribution of "inflated 
position errors  for the sources by category. Figures 10,1: 
12, and 13 show the distributions of the objects on the sk 
for  the  same four categories. From these figures it can 0 
Seen that  there is a mod~rately even  distribution of a 
sourcts over the sky  but that the Southern Hemisphere i 
deficient in defining sources. This is caused by the sma: 
number of VLBI stations in  the  Southern  Hemisphere  an( 
by  limited  observing programs. While all sources are  give: 
ICRF designations, it shouId be emphasized that th 
quality and intended use of thc three  categories  are quit 
different. The best  astrometric quality rcsicb in the definini 
sources and  those  candidate sources with the smaUcs 
errors.  The positions of the other" sources should be uscc 
carefully and only where less accuracy can be  toIerated 

13. A D O ~ O N  OF THE r a w  BY TWE TNTEBNATIONAL 

According to rcsolution JD7 N.l, adopted by the 23c 
General  Assembly of the IAU on 1997 August 20 in Kyoto 

ASTFLONOMCAL W O N  

Position tables and acilly informafias can a h  be obtained fron 
r h  IERS ac http://hpiab.obspmfr or from tbr: Natioaal I&& Orienrarior 
Sewice 3t hrtp;//maia,unomwymiT. 

Arc length error (mas) Arc length error (mas) 

FIG. 6,Hhtogrrrmi of u%uce poaition crron for dt6ning uourca m (a) a cos d d (b) 6 
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Japan, the ICRF described in this paper replaces the  stellar  ecIiptic  but  are  maintained  from one realization to the nex 
FK5 catalog as the  fundamental  celestial reference frame as by the  methods  described in this  paper. 
of 1998 January 1. The ICRS (Arias et at. 1995) is adopted 
as the celestial  reference  system,  and  the Hippurcos Cats- 
logue  (Kovalevsky  et al. 1997) is its realization at optical  The  current  realization of the ICRF condenses the idor 
wavelengths. As a consequence,  the  axes of the  celestial ref- mation from a particular VLBI data set spanning a definec 
erence  system  are no longer  related to the  equator or the  interval of time  and  reflects  a  certain  state  of VLBI analysis 

14. WOLUTION OF THB ICRP 
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As time progrcsscs, we expect  the realization of the lCRF to 
evolve, although changes in the ICRF catalog will be W e -  
quem  compared with past practice in VLBI astrometry. 

There  are  several  features tbat distinguish this  type of 
realization from the conventional stellar catalogs that for- 
merly defined thc celestial reference frame. First, while we 
know the positional history of the sources, we cannot 
predict with absolute  ccrt;iiaty  what future observations 
will reveal.  The  current positioas and velocities are a snap- 
shot (or a movie), and continued observations are essential 
to maintain  the  viabiliry  and  integrity of tbc ICRF. New 
sources must be observed to replenish  and expand the list of 

candidates,  and  &eir positions in the I C W  must be deter 
mined. Current sources need to be  observed  periodically t c  
track  their  behavior. Second, as observations accumulate, i 
should be possible to move candidate  sources up or dowr 
the scale of usefulma. However, it is conceivable, perhaps 
even probable, that an identical categorization of source: 
from an analysis using twice as long a time interval woulc 
show sourccs changing  categories in unpredictable  ways 
For example, there is no physical  reason to expect tha 
h e a r  position changes can continue indefinitely. Suck 
motion would call into question the fundamental basis o 
the extragalactic frame? ;.e., the great distances of thc 

- 9 O O  

Fro. 12-Samo =Fig. 10, but f o r " o t h e r " a o ~ ~  
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objects. Directed position changes should cease  at  some 
time.  Conversely,  a  source now stationary could start 
apparent motion. Only future cxpcrimr?nts and data 
analysis will show. The problem of position variation may 
be solvcd in the future if the application of source structure 
information permits the  identification  and use of truly kine- 
matically  stable points in the sky. Progress toward  this goal 
has been ma&  in the case of the core-jet  source 3C 273 
(1226+023). Charlot (1994) has shown that modeling rhe 
source  structure effects of this source  significantly  improves 
the positional stability. This remains to be demonstrated for 
other sources. Unlike stellar catalogs. however,  the original 
VLBI observations should always be accessible  for 
improved analysis  de novo. 

Despite the burden of maintenance,  the ICRF realized by 
VLBI  astrometry is a great stcp forward Compared with 
stellar  realizations,  it is intrinsically  simpler,  much  more 

accurate, more stable, and less  susceptible to systemati 
deformations. Tt will serve the purposes of  astronomy an< 
geophysics well. 

VLBI is a  collaborative  and  cooperative activitJ 
Without  the swtainod efforts of many individuals and insti 
tutions located around the woAd over an extended perioc 
of time,  the  new  celestial  reference  frame  would not hav, 
been possible. We wish to recogwe and thank  the  designer 
and fabricators of VLBI instrumentation, from  masem t c  
receivers to data acquisition terminals to correlators; tht 
operating  personnel  at  observatories  and  correlator  facili 
tics; thc schcdulc makcrs and coordinators; the generation 
of model buildcrs,  softwarc developers, and analysts; a n c  
the farsighted visionaries and funding  agencies who though 
the job could be done. 
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